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evelopment of robotic devices for gait

rehabilitation of stroke patients is moti-

vated by the need for a both intensive

and task-specific training, which are key

factors in recovery [1], [2], and by the

need for therapist-friendly training. Evaluations of

the first-generation commercial devices have shown

that gait training using these devices is at least as effec-

tive as manual therapy [3], [4]. First-generation devi-

ces are characterized by the approach of enforcing gait

upon a patient by rigidly moving the legs through a pre-

scribed pattern, so that the patient can hardly influence these

motions. The training effect may be extendable by increasing

active participation of patients, e.g., by letting the patient walk on

own effort and only offer robotic assistance as needed (AAN).

The potential of AAN algorithms in promoting neural recov-

ery has not yet been shown in gait training of humans, but

it was assessed in gait training of mice [5] and in arm training

of stroke patients [6], [7]. AAN strategies require interaction

control [8], meaning that the apparent mechanical impedance

of the device is programmable to desired values (within limits), so that

the behavior of the robot can be varied from very stiff to very compliant. Com-

pared with general haptic devices, low apparent stiffness and mass are demanded from

a gait trainer, and gait motions are slow. We opted for a combination of compliant

actuation and impedance control [9], [10], which provides means to minimize unde-
sired interaction torques.

This article describes and discusses the general advantages and limitations of a
compliant actuation concept for rehabilitation robots on the example of our realiza-
tion called the lower extremity powered exoskeleton (LOPES). The major focus is
on the limitations: stiffness and bandwidth constraints as well as the influence of
uncompensated exoskeleton dynamics. The stability analysis provides an interesting
new result. If the rendered stiffness of an elastically actuated joint is increased
beyond the intrinsic stiffness of the elastic element, stability of the coupled system
human-robot cannot be guaranteed, at least not in the conservative terms of passiv-
ity. Finally, the experimental results with subjects walking with the device are
presented. These results show that the limitations, in the given application, become
secondary to the gain of compliant actuation.

LOPES: A Low-Weight Exoskeleton
with Series Elastic Actuated Joints

Mechanical Design

Impedance control implies that the actuators should be high-precision force sources.
Mass and inertia of the actuated construction (the exoskeleton) should be minimized, as
the means to reduce the apparent mass by control are limited. Our gait rehabilitation
robot LOPES is characterized by 1) the choice of degrees of freedom (DoF) that are
actuated or left free to allow kinematically natural walking patterns and 2) the possibility
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of low impedance control of these DoF to allow unhindered and
thus kinetically natural walking. Both horizontal pelvis translations
are actuated [1 and 2 in Figure 1(a)]; the vertical motion of the pel-
vis 1s left free with passive weight compensation [3 in Figure 1(a)].
There are three rotational joints per leg: hip adduction [4 in Figure
1(a)], hip flexion [5 in Figure 1(a)], and knee flexion [6 in Figure
1(a)]. With these nine DoE, LOPES allows more versatile motion
than just forward stepping (as also provided by commercial devices
such as the Lokomat [11]). Maintaining the fundamental instability
of a standing or walking human, LOPES allows balance training,
which has been recognized as an important aspect of gait training
[12], [13]. Pelvis motion is also increasingly integrated into other
new robotic devices such as ALEX [14] or KineAssist [15].

In contrast to the aforementioned devices, which use stift actua-
tors, LOPES is intrinsically compliant, similar to PAM and POGO
presented in [8]. The joints of the robot are actuated with series
elastic actuators (SEAs), an

To lower undesired interaction
torques, it is crucial to minimize the
reflected mass of the device.

the center of mass location with respect to the proximal joint
Ly, the mass m, and the moment of inertia around the center
of mass J; and around the proximal joint J;, are listed for an aver-
age configuration (the segment lengths are adaptable to the
patient). Table 2 gives the specifications of components used in
the actuation part. Motor and gear inertial properties and trans-
mission ratio i determine the reflected inertia J4 or my of the
drives in the exoskeleton coordinate system. For the sideways
direction, the reflected mass 4 of the drive is 1.2 kg, much less

actuation principle introduced
by Robinson and colleagues
[16]. Bowden cables are used
to realize a flexible transmis-
sion, so that the motors are
detached from the exoskele-
ton, reducing its weight [see
Figure 1(a)]. For the rotary
joints, two compression
springs are connected to the
actuator disk with a cable, so
that a torsion spring is created
between the actuator disk and

the load side segment [see Fig-

ure 1(b)]. Both springs are pre-
tensioned with the maximum
desired force, so that the cables
are always under tension dur-
ing operation. The concept,

Figure 1. Design of the LOPES robot. (a) DoF of the pelvis and leg segments of the LOPES gait
rehabilitation robot: (1) forward linear quides, (2) sideways linear quides, (3) vertical motion,
passively weight compensated by a spring parallelogram between frame and pelvis segment,
(4) hip frontal rotation (adduction), (5) hip sagittal rotation (flexion/extension), (6) knee sagittal
rotation. Except for (3), all DoFs are actuated. (b) Design of the SEAs: Bowden cables connect
the springs to EM motors, which are detached from the exoskeleton. (c) Photographic

construction, and functionality
of these joints are described
extensively in [9]. The side-

impression of LOPES in operation.

Table 1. Dimensions and mass properties of the LOPES exoskeleton.

ways pelvis translation s
equipped with a linear SEA.
app . Lm)  Lom(m  mkg) S (kg-m?) Iy (kg-m?)
Table 1 provides the geo- .
. . . . Upper limb 0.43 0.27 2.9 0.088 0.30
metric and inertial specifica- .
. Lower limb 0.37 0.17 2.25 0.064 0.13
tions of the exoskeleton part. Pelvis B/F 35
For each segment of the Pelvis UR 27
exoskeleton, the length L,

Table 2. Actuator specifications of the LOPES.

Torque/ Refl. Inertia
DoF Motor Type Power Force Motor Inertia Gear Inertia i Ja,mpy rqg ks
Flex/ext hip ~ Kollmorgen 567 W 2.73Nm  1.6e-5kg-m? 1.6e-5kg-m? 64 0.13kg-m? 0.047 m 35.10 kN/m
Flex/ext knee Kollmorgen 567 W 273Nm  1.6e-5kg-m? 1.6e-5kg-m? 64 0.13kg-m? 0.047 m 35.10 kN/m
Ab/ad hip Kollmorgen 567 W 2.73Nm  1.6e-5kg-m? 1.6e-5kg-m? 64 0.13kg-m? 0.047 m 57.20 kN/m
Left/right Berger-Lahr 690 W 2.2 Nm 1.6e-4kg-m? 1.8e-5kg-m?> 8/ry 1.2kg 0.098 m  3.98 kN/m
Back/forward Linmot 250 W 204N 1.8e-5kg-m? 2.3 kg 2.3 kg
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The SEA cannot display a higher pure
stiffness than the spring stiffness, if
passivity is desired.

than the mass of the pelvis segment (27 kg). In contrast, the
reflected moment of inertia J4 of the drives actuating the rota-
tional joints is 0.13 kg - m?, which is in the same order of
magnitude as the moment of inertia J» of the exoskeleton seg-
ments. However, as the motor mass is decoupled from the exo-
skeleton by the springs, the actuator mass is not felt by the
subject, and the reflected mass of the device is reduced to the
exoskeleton mass only. The disk radius ry and the spring con-
stant k, in Table 2 define the intrinsic rotational stiffness K of the
SEA; for hip and knee, K is given by 2k5r3 = 155 Nm/rad.

Control Scheme

The control strategy is multilayered. On the outermost layer,
references for the desired interaction with the patient are de-
fined. Two different strategies have been implemented on the
LOPES: complementary limb motion estimation (CLME) [17],
[18] and virtual model control (VMC) [19], [20]. The control
schemes differ in their conceptual background, yet they both
aim at improved patient cooperativeness and do not prescribe
fixed trajectories to be tracked. This article describes only

Load

Figure 2. SEA: The drive is connected to the load via a
compliant element (a torsion spring with spring constant K).
The drive dynamics are represented by the inertia Js, and the
motor torque is t4. The spring torque 1, acting on the load is
proportional to the difference between motor angle ¢, and
joint angle ¢;, which makes the spring length a direct
measure of the torque acting on the load.

VMC. The low-level control deals with the SEA unit used to
generate and measure the interaction forces. First, this underly-
ing low-level SEA control is described as a single-input single-
output (SISO) system, and then, the VMC is outlined.

Control of the SEA

In a SEA, the load is coupled to the drive via a compliant ele-
ment, in this case, a spring with linear characteristic [see Figure
1(b)]. A relative displacement of load and actuator provokes a
spring torque 7. This principle is schematically illustrated in
Figure 2. The simplifying assumptions made here neglect several
important aspects of the actuator side that are relevant in the
specific mechanical realization, such as friction and elasticity in
the Bowden cable transmission. We justify this by the purpose
of the investigations in the later analysis, which is to show some
generic parameter and performance limitations of SEAs.

Figure 3 shows the block chart of the SEA embedded in a
SISO impedance control loop. The concept of a cascaded
force control loop with proportional-integral (PI) controllers
was chosen because of its reported effectiveness [21], [22]. In
our setup, the innermost motor velocity loop is realized by the
pulse-width modulation. The force control has been described
and evaluated in [23]. The outer impedance controller sets the
desired impedance, whereby we consider only the case of a
rendered stiftness P.

Selective and Partial Support of Gait Functions
with Virtual Model Control
The observation of manual physical therapy of stroke survivors
shows that in case of severely impaired subjects, two or three
therapists are needed. Depending on the individual impairment,
the therapist assists only in certain gait subtasks. The idea of the
LOPES control is that the therapist still decides how to assist the
patient but that the strenuous labor is taken over by the robot.
Following this concept, LOPES should assist a patient only
when it is needed. For example, in case of deficient foot clear-
ance during the swing phase, LOPES should help in lifting up
the foot. We have divided the control of human gait into differ-
ent functional units, which can be partially and selectively sup-
ported by LOPES, depending on the patient’s individual needs:

1) balance control in the sagittal/frontal plane

2) control of walking speed

3) foot placement in the sagittal and frontal plane

Figure 3. Impedance control with cascaded torque control. The plant (SEA, on the right) is characterized by actuator inertia Ja
and spring constant K. The torque controller is cascaded, with inner (index i) loop on motor velocity wa and outer (index o) loop
on torque t;, both Pl-controlled with gains K and I. Outside, an impedance control loop is closed on the joint angle ¢,, here
rendering a pure virtual stiffness P. The subscript d denotes reference signals.
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4) foot clearance during swing phase to prevent stumbling

5) weight bearing.

The reason behind the division of subfunctions is given in [24].
To support these gait functions, we use VMC, which is a motion
control framework that uses virtual mechanical components to
generate desired interaction forces and torques. With compo-
nents such as springs and dampers, it is possible to simulate
almost any interaction that a therapist would have with a patient.
Usual therapist interaction forces have been quantified in [25].
VMC has been implemented in several two- and three-dimensional
walking robot models [26].

The supportive forces for balance control and walking speed
control are realized by the drives actuating the pelvis in the
horizontal plane [1 and 2 in Figure 1(a)]. All other DoF are
rotational, such that the virtual forces in Cartesian space need
to be mapped to joint torques. These torques create the illusion
that the simulated components are connected to the robot.

Balance control, control of walking speed, and weight bear-
ing are described elsewhere. In this article, we consider only
the case of a healthy subject walking in LOPES while the step
length and height are modified by VMC. Each of these two
virtual models consists of a spring attached to the ankle of
LOPES either horizontally or vertically. The desired virtual
force acting on the ankle is given by

FVMC — K}C/MC (x _ xﬁf), (l)

KXMC is the Cartesian virtual stiffness matrix, ¥ con-

where
tains the Cartesian coordinates of LOPES’ ankle position, and
X.f 1s the ankle position reference trajectory. This reference
trajectory is tailored to each patient’s individual needs, by scal-
ing his/her normal, unassisted ankle trajectory during swing
phase in the vertical and horizontal direction to increase foot
clearance and/or step length.

The virtual force FYM€ is mapped to joint torque by
VMC _ JT(9)F, @)

where 0 is the joint angle and J(0) is the Jacobian relating
joint velocities to Cartesian ankle velocities. Security mea-
sures are taken to avoid knee hyperextension. For step height
modification, the ankle height reference is defined with
respect to the horizontal ankle-hip distance. Thus, it is not
predefined in time. For step length control, the horizontal
ankle reference is defined in time, and it is triggered at toe
oft. Toe off and heel contact are sensed by force transducers
on the treadmill.

Advantages of the SEA

Table 3 lists the advantages and drawbacks of SEA. One impor-
tant advantage is that it allows treating the force control loop as
a position control, because the spring length can be considered
proportional to the force output. As has previously been dem-
onstrated, a higher compliance in the force control loop allows
for higher control gains [16]. This way, better force tracking
performance can be achieved. Higher gains allow the real-
ization of proper feedback-controlled torque actuators for
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There is a tradeoff between
achievable stiffness and low
undesired interaction torques.

LOPES despite substantial adverse effects of high friction and
stick-slip in the Bowden cables, as well as play in the transmis-
sion. The low realizable impedance of the LOPES robot in the
presence of these heavy nonlinear effects has been demon-
strated in practical experiments, for example in [23]. Another
important advantage of a SEA, as mentioned earlier, is that the
spring decouples the motor inertia from the exoskeleton. The
Bowden cables also locally decouple the motors from the exo-
skeleton, further reducing the reflected mass of the device.
This reduction is important given that the endpoint mass is an
uncontrollable element, i.e., no causal controller can affect its
value [27].

A compliantly actuated robot will give way at impact. This
is advantageous in terms of safety issues and actuator impact
resistance, as well as for realistic stepping experience and train-
ing efficacy during impact-type events such as heel strike.

Performance Limitations

The SEA gains easier and robust force control without de-
pending on expensive (high-speed, high-precision) mecha-
tronic components, yet there is a price to pay. The following
analysis will first illustrate the well-known drawback of band-
width limitations in a compliant actuator [28]. Then, a new
result will be presented: the rendered stiffness of the device
cannot be increased beyond the stiffness of the elastic element,
if conservative demands for stability (in terms of passivity) are
to be met. The analysis concludes with the influence of these
limitations, as well as the influence of uncompensated exoskel-
eton mass, on the VMC performance.

Bandwidth Limitations

Bandwidth limitations will be illustrated on the example of the
LOPES actuators, first for the SEA alone and then for the
more realistic case, in which there is an extra end-effector mass
(an exoskeleton) between the patient and the elastic element.

Bandwidth of the SEA with Massless End-Effector
For haptic systems, the impedance Z is generally defined as the
transfer of function from the input velocity to the opposing

Table 3. Advantages and disadvantages of SEA.

Pros Cons

Limited stiffness
Limited bandwidth
Extra mechanical element

Decoupled actuator inertia

Reduction of friction effects

Inherent safety and impact
resistance

Energy storage

High power requirements
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The employed VMC, which attempts
to separately modify the selected
gait characteristics, proved to be
effective.

torque. This definition is used here because it allows to assess
stability in terms of passivity. Using the notation of [I-B1, Z(s) is

TL

Z(s) = .
—PLs

)

With the simplified model of Figure 2, which neglects friction
and elasticity of the Bowden cables, and with the parameters
given in Figure 3, the impedance transfer function value is

_ K(Jas* + K& + (KiK,P + I)s* + aPs + L1,P)
C (Jast + K + (KKK + K + I)s® 4 aKs + LLK)s’
(4)

Z(s)

with a = ([K, + I Kj).

Replacing the complex variable s in (4) by jw, the fre-
quency response Z(jw) is obtained. A look at the asymptotic
behavior of Z(jw) is useful for an intuitive understanding of
the SEA behavior; for frequencies below the bandwidth
(o — 0), the programmed impedance can be achieved, which
is that of a virtual spring with stiffness P. For high frequencies
(w — 00), however, the impedance of the haptic display will
approach the impedance of the SEA’s mechanical spring with
stiftness K.

The integrators show considerable influence only for low
frequencies, and thus, the bandwidth analysis can be simplified

by considering only the case where both integrator gains are
zero. This makes major eftects more obvious, as it reduces (4) to

Jas? + Kis + KK, P
(Jas®> + Kis + KKK + K)s'

Z() =K (5)

The actually displayed stiffness value Ky, deviates from the
value of P if no integrators are employed:

PK,K;

= 6
1+ K,K;’ ©)

Kis =1 Z\‘
disp = lim s Z(s)

and a desired stiffness must be mapped to a higher P.

Figure 4(a) illustrates the bandwidth limitations; for low
frequencies, the desired impedance is successfully rendered,
whereas for frequencies above the bandwidth, the system
behaves like the (stiffer) mechanical spring. For frequencies
in between, the behavior approaches a spring-damper, the
damping parameter of which depends only on the control
parameters (given in the figure legend). The intersection of
asymptotes of damper and rendered spring in Figure 4(a)
shows that the bandwidth, i.e., the maximum frequency until
which rendering of the pure desired stiffness is possible, is
bounded by w = PK,,. This implies that the control gain K,
has a dominant influence on bandwidth. A high value of K,
lowers the damping characteristics of the second-order low-
pass in (5), and to counteract this, the motor velocity loop
gain value K; needs to be increased as well. Practical consider-
ations such as motor saturation, however, put bounds on the
realizable gains.

Influence of Exoskeleton Mass on Bandwidth

In a realistic rehabilitation robot, there will always be some
mass between the actuator and the patient, generally connec-
tion elements like an exoskeleton. The exoskeleton LOPES is

Magnitude (dB)

---- Desired

Impedance —2

jo
—— Displayed
Impedance Z (jw)
Pure

Phase (°)

Spring /% (of SEA)

Damper G
o + 1

— — - Pure Mass joJ,

(Exoskeleton)

100 10" 102
Frequency o (rad/s)

(b)

-90
10" 102 108 101

Frequency o (rad/s)

()

102 10°

Frequency o (rad/s)

()

10°

Figure 4. Bandwidth and stiffness limitations. (a) Bandwidth with massless end effector: At high frequencies, the displayed
impedance (black solid line) matches the intrinsic elasticity (green dotted line) of the SEA. The achievable bandwidth depends on
the torque control gain K,. (b) With an additional mass at the load side of the SEA (e.q., an exoskeleton), further bandwidth
limitations are introduced. (c) Impedance control with too high desired stiffness (above the natural spring stiffness): The phase of
the impedance frequency response has values below —90°, and thus the system is not passive.
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constituted of several coupled segments, such that a multi-
input multi-output (MIMO) system results. For schematic
purposes, i.e., to illustrate the general influence of this extra
mass on bandwidth, however, we will consider only the sim-
plified case where a rigid body with inertia J, is introduced on
the load side of the SEA model of Figure 2, which could be
interpreted as a 1-DoF exoskeleton. This extra mass augments
the impedance transfer function (4) by the extra summand J,s.
The system will no longer behave like a spring at high frequen-
cies, and its behavior will then be dominated by the added
mass, as displayed in Figure 4(b). Depending on its value, such
an additional mass can also lower the bandwidth even further.
Another upper bound for the bandwidth is indicated at the
intersection of the asymptotes in Figure 4(b), with a value of

w = \/ Kdisp/J@~

Stiffness Limitations Due to Passivity Concerns
Now, passivity conditions for the impedance control of Figure
3 will be investigated with similar methods as in [23], resulting
in bounds for the control gains (with integrators).

Passivity is ensured if the impedance (3) is positive real.
Necessary and sufficient conditions for this are as follows [27]:

@ Z(s) must be stable
o The real part of Z( jw) must be nonnegative for all @
for which jw is not a pole of Z(s).

First, we look at the stability condition. As the system poles
are independent of the impedance parameters, stability depends
only on the inner force control loop. Checking the Hurwitz
determinants gives a necessary and sufficient condition:

KK, I + KKi(1 + K,K;)a — KJaa> > 0. (7)

For example, this can be achieved conservatively by fol-
lowing the simple rules in [23], which is to select a velocity
loop gain higher than the motor inertia, and constraining
both integrator gains to half of the respective proportional
gain values.

For passivity, the real part of

Z( jw) =: A( jo)/B( je) ®)
has to be nonnegative for all w € ( — 00, 00) that are not roots

of the denominator. For nonzero denominator B, the real part
of the complex fraction can be nonnegative only if

8
R(®) = Re(A)Re(B) + Im(A)m(B) = Y _d’  (9)
i=1

is nonnegative for all ® € (— 00, 00). All coefficients d; of the
polynomial in  are zero, except for

dy = K[(K?K, — a]a)(K — P) + K;K],
dy = K[[’K,(K — P) — aKP].

The requirement that both coefficients have to be nonnegative
bounds the achievable stiffness. With positive integrator gains,

SEPTEMBER 2008

the coefticient dy is only nonnegative for

I’K,
P<K1—"—<K (10)
2K, + aK
With zero integrator gains, (9) simplifies to
R(w) = o°K(— K’K,P + K/ K,K + K;K) > 0. (11)

The controller gain P may thus exceed the value of K. How-
ever, without integrators, the stiffness displayed at low fre-
quencies deviates from the value of P, as given in (6), and the
actually displayed stiffness Ky equals K for the maximum
value of P allowed in (11). This implies that the SEA cannot
display a higher pure stiftness than the spring stiffness, if passiv-
ity is desired.

It is important to note that the real part of the impedance
and thus passivity is independent of the presence of additional
end-eftector mass J,, because this simply adds the imaginary
term jo], to the frequency response.

Figure 4(a) and (b) features a desired stiffness lower than
the allowed value. The phase never leaves the range of +90°
to —90°, which is equivalent to a positive real part, and thus
the system is passive. In contrast, Figure 4(c) illustrates the
case of an excessive desired stiffness; the phase falls below
—90°. This implies that the haptic display is not passive, and
the coupled system will only be stable with a certain number
of environments, for example with a pure spring (a differen-
tiator, which shifts the phase up). However, coupled to a pure
mass (an integrator), the open-loop frequency response will
invariably have a phase below —180° for all frequencies, and
thus the closed-loop system is unstable.

Limitations for the VMC

As indicated in the preceding section, both the bandwidth and
the maximum value of the rendered stiftness are constrained
because of the compliant actuator. Further performance limi-
tations originate from undesired interaction forces due to exo-
skeleton dynamics. The influence of these effects on the
achievable performance of the VMC will now be analyzed.

Performance Limitations Due to Limited Stiffness
To meet passivity requirements, the maximal joint stiffness that
can be realized by joint-space impedance control is limited by
the spring stiffness of the series elastic element, as was shown in
the previous section. This results in boundaries for the maxi-
mum displayed Cartesian stiffness, whereby the relation
between the Cartesian stiffness matrix K, and the joint stiffness
matrix Ky is defined by the Jacobian [29]:
K, =] "KgJ . (12)
The mapped Cartesian stiffness ellipse, with Ky as the identity
matrix and specifications given in Table 1, is displayed in Fig-
ure 5. Its shape and orientation are determined by the eigen-
values and vectors of K., whereby it can be seen that the
smallest eigenvalue depends on the knee angle.
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When the exoskeleton has 90° knee flexion, the smallest
eigenvalue of K, is 2.53, and it is 1.3 with 10° knee flexion.
The worst case is when the knee is fully extended and when the
Cartesian stiffness ellipse is aligned with one of the virtual mod-
els. In this worst case scenario, the Cartesian stiffness is only
200 N/m given the maximal joint stiffness of the hip and knee
of 155 Nm/rad, as given in the “Mechanical Design” section.

Performance Limitations Due to Manipulator Dynamics
The VMC does not compensate for the open-loop impedance
of the exoskeleton. As a consequence, in free space, the human
operator will always feel the full inertia and friction of the
manipulator [30], and thus not only the virtual model.

The undesired additional interaction torque 7 in the swing
phase given by the equation of motion of the exoskeleton:

T =M(0)0 +v(0,0) + g(0), (13)

where 0 is the vector of joint angles, M(0) is the mass matrix,
(0, 0) are Coriolis and centrifugal torques, and g(0) are gravi-
tational torques. To give an idea of the inertia of the device
reflected at LOPES’ ankle, these unwanted torques can be
mapped to forces in Cartesian space with ankle position x:

F = M, (0)% + v.(0, 0) + g_(0), (14)

whereby the relation between joint space and Cartesian space
matrices can be derived using the Jacobian [29].

To compensate the components v, (0, 0) and g.(0), the
VMC could be modified, since as terms depend only on joint
angles and velocities. However, in our application, we com-
pensate neither of these forces. First, centrifugal and Coriolis
forces in v, are negligibly small. Second, subjects walking with
compensated exoskeleton gravitational forces g, reported that
it felt unnatural, and compensating for g with constant M,
increases the natural frequency. (As stated before, M, can not
be reduced by any causal controller.)

Especially at high frequencies, the behavior of the device is
dominated by the reflected mass M, of the exoskeleton. With
respect to the ankle, this reflected mass is related to the joint
space mass matrix by

Using the specifications given in Table 1, this reflected mass is
visualized by the inertia ellipse of Figure 5. Its shape and orien-
tation are determined by the eigenvalues and vectors of M.
The orientation of the ellipse is always perpendicular to the
lower segment of the exoskeleton, which means that the
reflected mass is minimal in perpendicular direction and maxi-
mal in the parallel direction of the most distal segment of the
exoskeleton. The eigenvalues of M, depend only on the knee
angle of the exoskeleton. The smallest eigenvalue remains
fairly constant around 0.95 kg. The largest eigenvalue is mini-
mal (3.9 kg) when the knee is 90° flexed and increases when
the knee is extended. Note that the reflected mass of the device
would be much higher if the motors were not detached from
the exoskeleton and if the motor mass was not decoupled from
the device by the series elastic element.

Experimental Results

The remarkable capabilities of the SEA in terms of force track-
ing and backdrivability (i.e., the inner control loop) have been
evaluated experimentally and are described in [23]. These
practical experiments also showed a very good agreement
between the theoretically predicted and actually achieved force
tracking bandwidth, with a value of approximately 16 Hz. The
experimental results presented in this article are limited to the
performance of the outer impedance control loop.

For the control of an individual joint of the exoskeleton
alone (without human subject), the maximum achievable stift-
ness before undesired oscillations occurred is almost equal to
the spring stiffness (£10%, depending on gain variations in the
torque control loop), as predicted by the theoretical analysis.
In contrast, the maximum achievable Cartesian stiffness in
practical experiments with healthy subjects walking under the
influence of VMC resulted to be 1,500 N/m in vertical direc-
tion (step height control) and 700 N/m in horizontal direction
(step length control), which is considerably higher than the
theoretic worst-case bound. With the angle data from the
experiment and (12), the Cartesian stiffness in horizontal
direction should be limited to 200 Nm and in vertical direction
to 355 Nm.

The reflected mass of the exoskeleton constrains the
achievable bandwidth, as illustrated in the “Bandwidth Limita-
tions” section for the SISO case. The limit is given by the

M, =] "ML (15)  square root of the desired stiftness of the virtual component
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Figure 5. Reflected mass and stiffness at the ankle: The mass (red and dashed) and stiffness (green and solid) ellipses that reflect
the inertia of the exoskeleton and hip and knee joint stiffnesses of 1 Nm/rad at the ankle for different kinematic configurations.
The principal axes of the stiffness ellipses are the inverse of the Cartesian stiffness matrix eigenvalues 11 and 7,, the axes of the
inertia ellipses are the inverse of the square root of the respective eigenvalues. Thus, the larger the ellipses, the less mass or

stiffness is reflected.
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divided by the reflected exoskeleton mass. Below this
frequency, the virtual spring is felt, whereas above, the
reflected device mass is felt. In the case where the reflected
mass is minimal (0.95 kg), this frequency is 4.3 and 6.3 Hz for
the stiffnesses of 700 and 1,500 N/m, respectively. For a
desired stiffness of 700 N/m and using a worst-case approach,
it reduces to 2.14, 1.93, 1.21, and 0.44 Hz for 90°, 60°, 30°,
and 10° knee flexion, respectively.

Despite these heavy bandwidth limitations, the combina-
tion of the mechanical designs of LOPES and VMC was well
able to modify the step height and step length of healthy sub-
jects [20]. Each of the two parameters could be lengthened
or shortened by VMC, simply by scaling the reference path.
The change in each specific gait parameter left the other
parts of the gait cycle almost unaffected, and the modifica-
tion was not perceived awkward until it got excessively large.
In experiments with varying stiffness, we found that the sub-
jects perceived stiffer controllers as less comfortable; they
preferred more compliant virtual springs. Adjustment of the
reference parameters beyond the desired value in combina-
tion with a softer controller (equivalent to additional feed-
forward torques, which is not unique to VMC) also achieved
the desired modification and was perceived as more
comfortable than a stiff control. The selective modification
of average ankle trajectories is shown in Figure 6 for the
maximum stiffness. However, the figure also shows that the
step length was not exactly modified by the desired 20% due
to the compliant interface. The experiments are described in
detail in [31].

Discussion

A comparison of the theoretical predictions and the experi-
mental outcome shows good agreement for joint-space
impedance control without human subject, but it also shows
that the Cartesian stiffness used in the VMC can be higher
than the theoretically derived worst-case bound. The fact
that this higher stiffness is rendered without stability prob-
lems can be explained by several factors. First, the worst case
in terms of kinematic configuration hardly occurred in the
practical experiments, or at least, the system never remained
in this state for long, such that the instable effects might have
been transient. Second, passivity is a conservative means of
ensuring stability of coupled systems, and a less conservative,
explicit MIMO stability analysis could replace it (requiring
the exoskeleton, the patient’s impedance, the compliant
coupling between human and exoskeleton, and the environ-
ment to be modeled reliably, which is difficult). Nevertheless,
without a human subject, the theoretical and practical results
coincided well. Therefore, a probable reason is that the
healthy subjects did not behave like pure masses, the worst
environment discussed in the section “Stiffness Limitations
Due to Passivity Concerns,” but formed stabilizing elements
in the control loop. This positive contribution might stem
from intrinsic and neuronally coordinated stiffness and damp-
ing, and it is for example exploited for the control of BLEEX
[32]. Although it seemed possible to render higher stiffness
for healthy subjects than theoretically derived, we decided
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not to rely on this effect when working with patients. Instead,
we increased the stiffness of the SEA by a factor of 2.5.
Equipped with these stiffer springs, LOPES can operate with
sufticiently stift VMC and still remain within the conservative
limits resulting from the passivity analysis. Generally, there is
a tradeoff between achievable stiffness on the one hand and
low undesired interaction torques on the other. One possibil-
ity would be to use an adaptive compliance, as suggested by
[33], to meet the individual patient’s needs.

Conclusion

This article discusses the pros and cons of compliant actuation
for rehabilitation robots on the example of LOPES, focusing
on the cons. After illustrating the bandwidth limitations, a
new result has been derived: if stability in terms of passivity of
the haptic device is desired, the renderable stiffness is bounded
by the stiffness of the SEA’s elastic component.

In practical experiments with the VMC, the aforemen-
tioned limitations affected the control performance. Desired
gait modifications were not tracked exactly, because the
subjects were able to deviate from the prescribed pattern
even in the stiffest possible configuration. Despite the limi-
tations, the practical experiments also demonstrated the
general effectiveness of the realization. Manipulation of
selected gait parameters is possible, whereby other parame-
ters are left unaffected. This high selectivity is made possible
by the low level of undesired interaction torques, which is
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Figure 6. Modification of the (a) step height and (b) length.
The normal ankle trajectories are scaled to obtain a
reference trajectory for the ankle. With a virtual spring
attached at the ankle, the differences between the true and
desired ankle position are mapped to a (a) vertical or (b)
horizontal virtual force at the ankle. Typical example of a
subject’s modified ankle trajectories (a) for the case that the
maximal foot clearance is increased to 17 or 22 cm, and (b)
for the case that the step length is increased or decreased
by 20%.
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achieved by elastic decoupling of motor mass and a light-
weight exoskeleton.

The discrepancy between theoretical bounds and rendered
stiffness indicated that healthy subjects might represent a stabi-
lizing component of the coupled system, which could be dif-
ferent for patients. In light of the theoretical stability analysis
and with the focus on patients, the LOPES actuation was
slightly modified. The robot was equipped with stiffer springs
to obtain sufficient stiffness and to ensure stability without
relying on stabilizing effects of the human.

For this application, the disadvantages of compliant
actuation can thus be tolerated or dealt with, and they are
small compared with the advantages. Given that a rehabilita-
tion robot, in the first place, is supposed to imitate therapist
action, the limitations of bandwidth and stiftness do not
pose severe problems. In contrast, safety and backdrivability
are highly relevant, and they can be ensured easier with a
compliant actuator. Therefore, we conclude that compliant
actuation and a lightweight exoskeleton provide effective
means to accomplish the desired AAN behavior of a rehabil-
itation robot. The next step is to evaluate the robot behav-
ior, control performance, and therapeutic effectiveness in
patient studies.
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